This study investigates the impact of pre-treatment options on the performances of soil columns simulating soil aquifer treatment (SAT). For this purpose a conventional activated sludge (CAS) process, a membrane bioreactor (MBR) and vertical flow reed beds were used as single units or in combination before SAT. The influent and effluent from each treatment train were monitored over three successive 6-month periods, corresponding to changes in the operational conditions of the MBR and CAS units from 6 days' sludge retention time (SRT) to 12 and 20 days. All the columns acted as efficient polishing steps for solids and bacteria. The column receiving effluent from the CAS system running at 6 days' SRT also presented high total nitrogen and total phosphorus removals, but this column was also associated with the lowest infiltration rates over that period. While the quality of the effluent from the column following the CAS process increased over 18 months of operation, the effluent quality of the columns receiving MBR effluent degraded. No correlations were found between variations in SRT of the MBR and CAS processes and the columns' performances. Overall, all columns, except the one receiving CAS effluent, underwent a reduction in infiltration rate over 18 months.
INTRODUCTION
Soil aquifer treatment (SAT) is used to replenish aquifers with water of impaired quality, hence providing an opportunity to store reclaimed water for future use while reducing the discharge of partially treated effluent to water bodies (Crites et al. ) . In regions suffering from water scarcity and where conditions for ground water recharge using surface infiltration facilities are met, such as land availability, aquifer type and hydrogeology, SAT is increasingly used as either a wastewaterpolishing step or a complete treatment system to help augment water resources. Indeed, SAT systems are low-cost, robust and simple to operate while capable of producing water suitable for irrigation and indirect potable reuse (Asano et al. ) .
However, many water reclamation projects for indirect potable reuse have failed due to the perceived health risk associated with the eventual contamination of soils and native groundwater. This led to an increase in the number of schemes, including SAT schemes, using highly treated water sources (e.g. effluents from reverse osmosis (RO) or advanced oxidation processes) for aquifer recharge as a precautionary approach (Lee & Jones-Lee ) . However, the use of highly treated water for aquifer recharge, and more specifically SAT, may not be economically viable and may also affect the SAT performances. Indeed, as illustrated by Johnson et al. () , water containing very low carbonates levels such as RO effluents will significantly dissolve minerals, resulting in adverse changes in soil structures. As highlighted by Pavelic et al. () , the evaluation of treatment options prior to SAT is therefore a major challenge when designing such schemes as a balance needs to be found between low and high-tech treatment options to limit impacts on infiltration rates, prevent irreversible clogging and groundwater contamination, while remaining economically viable.
Understanding how the level of pre-treatment of effluent can affect SAT performances is therefore crucial. In this context, this study compares the impact of three types of technologies including a conventional activated sludge (CAS) process, a membrane bioreactor (MBR), a vertical flow reed bed (VFRB), used as single units or as multi-barrier systems, on SAT treatment performances and infiltration rates.
MATERIAL AND METHODS

Experimental design
Five pre-treatment trains involving three types of technologies including a CAS process, an MBR, and VFRBs, used as single units or multi-barrier systems, were used prior to soil columns (Figure 1(a) ). The MBR and CAS processes were run at an 8 hour hydraulic retention time and successively 6, 20 and 12 days, sludge retention time (SRT). For each SRT, the VFRBs were fed during 6 months.
The soil columns, made of clear PVC tubes, were filled with 10 cm of gravel and 1 m of sieved (2 mm sieve mesh) and repacked aquifer material from the Shafdan SAT site (Israel) at a 1.5 g.cm -3 density (Figure 1(b) ). The dimensions of the columns were chosen to allow the approximation of the flow rate to one dimension with negligible wall effect.
All columns were operated under unsaturated conditions, at rotations of 7 days wetting/7 days drying (7w/7d) cycles and at a constant head of 5 cm to ensure stable hydraulic conditions during the wetting cycles. Running the column at constant head meant that flows through the columns varied over time, ranging from a maximum of 332 mL.d
for the column fed with MBR effluent (i.e. retention time (RT) of 1.6 days) in the early stages of the experiment, down to a minimum of 3 mL.d -1 (i.e. RT of 159 days) for the column receiving effluent from the VFRB in the very last stages of the experiment.
Wastewater analysis
The influent and effluents of the various treatment trains were monitored over 18 months. Over the first 6 months, the CAS and MBR systems were operated at 6 days, SRTs, while over the two following 6-month periods, the SRTs were set at 20 and 12 days, respectively. The results for the VFRB fed with primary effluent are not related to SRT, but refer to three successive periods of 6 months when the CAS and MBR were operated at 6, 20 and 12 d SRT.
All samples were analysed for total suspended solids (TSS) measured according to Standard Methods (APHA ). at the 12 and 20 day SRTs. This was related to a lower CAS floc strength at 6 days' SRT (data not shown).
For the VFRB used to treat primary effluent, 92-99%
TSS and 98-100% turbidity removals were achieved. It should also be noted that the VFRB, when used in combination with the CAS system, achieved high TSS and turbidity removals and further improved the CAS effluent quality by up to 1.9 log in terms of total coliforms and E. coli contamination at 6 days' SRT, hence demonstrating the high buffering potential of VFRB for CAS treated effluent. However, as anticipated, VFRB, when fed with MBR effluent, degraded the MBR effluent quality in terms of solids and microbiological contamination ( Table 1 ). In that case, the slight increase in microbiological contaminants in effluent of the VFRB is presumably linked to the presence of coliforms in the VFRB due to cross contamination. Overall, at all SRTs, no E. coli were found in the MBR effluent while total coliforms were only observed sporadically (i.e. In CFU.mL -1 for influent quality and as log removal unless specified. When looking at phosphorus (P) removal after soil passage, these ranged between 36% for the column receiving effluent from the MBR operated at 6 days' SRT to 49% when using effluent from the VFRB fed with primary effluent. However, for all treatment trains involving the MBR and CAS systems operated at 12 and 20 day SRTs, removals below 5% were observed for all columns. The 6 day SRT results are in agreement with those of Kanarek et al. () and Lin & Banin () , who observed about 50% P removal with long retardation factors and breakthrough times. It should also be noted that over the period where systems were operated at 6 days' SRT, the residual P content in the effluent of the column fed with CAS was 0.09 mg P .L -1 (Figure 3(b) ), that is to say, 22-33 times lower than for any other column over that period. This could be linked to the low infiltration rate of 3.5 cm.d -1 in that column allowing the slow processes of P mineralisation and sorption to occur. Indeed in the other columns, infiltration rates were around 20 times higher. In addition, the pH of 8.3 observed in that column, as opposed to 7.3 for others, could enhance or be a result of P precipitation. In general, the pH in the effluents of the columns was 7.8 on average compared to 6.9 in pre-treatment effluents. However, phosphorus leakage was observed after all columns when changing the SRTs from 6 to 20 days. No such trend was measured in influent P content, suggesting a modification or a saturation of the soil sorption capacity.
Finally with regards to indicators of fecal contamination, total coliforms remained below 2 CFU.mL -1 in effluent of the columns fed with effluents from the MBR at all SRTs. The use of a CAS treatment, followed or not by VFRB, before soil passage also resulted in low levels of total coliforms in the columns' effluents, respectively below 1 and 5 CFU.mL -1 at 12 and 20 days' SRT, and 43
and 108 CFU.mL -1 at 6 days' SRT. It should be noted that an increase in total coliforms over time was observed in the columns' effluent for the treatment train combining the MBR and VFRB and the train primarily treating effluent with a VFRB. For instance, over the three sampling periods, total coliforms in the columns effluents increased from 28 to 92 and then 183 CFU.mL -1 when using primary effluent treated with a VFRB, and from 1 to 4 and then 13 CFU. mL -1 when using the MBR and VFRB as a combined pre-treatment. In addition, the E. coli count ranged only between 0 and 3 CFU.mL -1 in all columns' effluents. Jimenez & Chávez ).
Impact of pre-treatment on infiltration rates
With a mean of 34.7 cm.d À1 , the infiltration rate in the column fed with MBR effluent was 2.2-2.5 times higher than in the other columns at all times (Figure 4 ). In addition, this rate was very variable for the first 6 months, ranging between 1.6 and 110 cm.d 
CONCLUSIONS
When considering treatment performances, the different technology profiles were generally reflected in the columns'
performances. The MBR provided a bacteria-free effluent, and the column effluent after this treatment process also had the best bacterial quality. In the same way, the columns fed with VFRB effluents offered constant quality with enhanced nutrient removal. Overall, the soil columns were able to achieve high removals of solids and bacteria after only 1 m of soil passage. The columns fed with effluent from the CAS system set up at 6 days' SRT presented high removal of TN and almost complete removal of TP, but this was also associated with a low infiltration rate, high pH combined with low temperatures. While the quality of the effluent from the column fed with CAS effluent improved over the 18 months of operation, the effluent quality from the column receiving MBR effluent degraded over the same time.
In terms of process operation, no correlations were found between variations in SRT and variations in the performances of the columns. However, it is possible that changes in temperature between the sampling periods affected any such correlations.
The impact of pre-treatment level on infiltration rates was, as expected, closely linked to the ability of the processes at removing solids, with the highest rate obtained when using MBR effluent and the lowest rates when using CAS effluent and effluent from the VFRB treating primary effluents. Overall, all columns, except the one receiving CAS effluent, underwent a reduction in infiltration rate over 18 months. Controversially, it seemed that the lower the infiltration rate, the lower the clogging propensity of the soil but the higher the impact of temperature on the rate.
